The deformation microstructure of various warm (ferritic) rolled steels was characterized and its influence upon the subsequent annealing behavior determined. The materials investigated included three interstitialfree (IF) steels (stabilized with either titanium or niobium), an extra low carbon (ELC) steel, and four experimental low carbon chromium steels with varying levels of boron, nitrogen and phosphorus. Single pass rolling experiments were conducted in a pilot mill at temperatures between 440 and 850°C and the asrolled microstructures were examined using optical microscopy. Particular attention was paid to the nature and intensity of the in-grain shear bands produced. Partial annealing was conducted to examine the nucleation of recrystallization in the deformed microstructure. Shear bands of moderate intensity were usually formed in the IF steels, which tended to be insensitive to rolling temperature. For the ELC steel, intense shear bands were formed at low rolling temperatures, but at higher temperatures this intensity was found to be drastically reduced. The development of shear bands at the higher rolling temperatures was significantly enhanced by alloying with chromium. The differences in shear band frequency and intensity are explained in terms of the dynamic strain aging behaviors of the various materials. Recrystallized grains were found to nucleate preferentially on the shear bands during annealing, regardless of their morphology or intensity.
Introduction
Warm rolling of low carbon (LC) steel sheets, where deformation occurs in the high temperature ferrite phase, has many advantages over traditional hot rolling technologies and has attracted numerous studies. 1) Achieving a strong {111} fibre texture in the final annealed product is necessary for deep drawing applications. Therefore it is important to properly analyze the deformed structure after warm rolling in order to understand its effect upon the recrystallization texture. The dislocation density of deformed grains is orientation dependent 2, 3) and grains with high densities recrystallize preferentially during annealing. 4) Therefore increasing the fraction of high Taylor factor grains (this factor is a measure of the total amount of slip, and therefore of work hardening, per unit strain) accelerates the kinetics of recrystallization. Both the deformation microstructure (particularly the in-grain shear bands) and the deformation texture influence the orientations of the recrystallized grains. [5] [6] [7] [8] [9] During the annealing of as-rolled interstitial-free (IF) steels, the presence of shear bands gives rise to recrystallization nuclei with ͗111͘//normal direction (ND) type orientations. These components are further intensified when the rolling direction (RD) fibre components are absorbed during the later stages of recrystallization. 6, 8) Shear bands frequently provide preferential sites for recrystallization; however, the orientations of these recrystallization nuclei are dependent on the nature of the shear bands. Shear bands of moderate intensity in warm rolled IF steels lead to the nucleation of recrystallized grains with a ͗111͘//ND type orientation. 6) On the other hand, the Goss component ({110}͗001͘) has been observed to form in cold rolled LC steels by nucleation in the vicinity of intense shear bands. 10) The intensity of shear bands is in turn sensitive to the dynamic strain aging (DSA) behavior of individual steels during rolling. 5) Within the DSA temperature region of LC steels, negative rate sensitivities can prevail, causing prolific amounts of localized flow. This kind of severe flow localization is also considered to be a possible cause of wire breaks during the drawing of LC steels. 11, 12) LC steels can also exhibit high positive rate sensitivities at temperatures above the DSA flow stress peak. This promotes flow uniformity, thereby restricting shear band formation at these temperatures, which are typical of warm rolling conditions. 1) Thus warm rolled LC steels tend to have weak {111} annealing textures; this results in poor formability in the final product.
According to the results obtained by Glen, 13) alloy additions such as chromium can modify the behavior of LC steels in such a way as to create a plateau in the flow stress peak, thereby extending the DSA maximum into the warm rolling temperature region. 1) Within this plateau region, a small increase in strain rate does not result in a large in-crease in flow stress, thus reducing the rate sensitivity of the material. Warm rolled and annealed LC-chromium steels were found to have strong ND fibre texture components, 14) leading to improved formability. However, the strongest {111} annealing texture was produced in a material containing 1.3 wt% chromium, which makes it a moderately expensive alloying addition. The possibility of using lower levels of chromium for warm rolled steels was therefore studied in the present project, together with the use of other alloy additions.
A systematic study of the development of shear bands, dislocation density and recrystallization behavior was undertaken for various warm rolled steels. These included LC steels with a chromium addition of around 0.5 wt% combined with different levels of boron, nitrogen, titanium and phosphorus. The aim was to determine the effect of steel chemistry and rolling temperature upon shear band formation and recrystallization behavior.
Experimental
The chemistries of the eight steels investigated in the current work are listed in Table 1 . The ELC and IF steels were production alloys taken from the cutoff shears in the roughing mill; these were subsequently hot-rolled down to a thickness of 11 mm in the pilot mill described below. The LC-chromium steels were experimental alloys formed from electrolytic iron and cast into 90 kg ingots. These slabs were then hot forged and rolled down to the same thickness. During hot rolling to the final thickness, all materials were reheated at 1 250°C and the finish rolling temperature always exceeded 960°C.
The rolling trials were carried out using a pilot mill at CANMET, Ottawa, at an equivalent strain rate of ϳ30 s Ϫ1 . A soluble oil lubricant was applied to the surface of the rolls to minimize friction along the roll gap. Strips of each steel (width 110 mm) were reheated in a furnace at 1 050°C for 30 min. This austenitization treatment led to the solution of the carbides and chromium compounds and helped to minimize the differences in initial grain size and texture that were expected to be generated by the different production histories of the eight materials. After austenitization, the steels were air cooled down to the appropriate rolling temperature on a ceramic slab. The specimen temperature was monitored using a thermocouple inserted into the center of each strip at its mid-plane. This heat treatment resulted in the ferrite grain sizes shown in Table 2 .
Single pass rolling experiments were then conducted using a reduction of 65 % at temperatures of 440, 640, 710, 780 and 850°C. After rolling, the sheets were immediately water quenched to prevent further static recrystallization and hence to preserve the as-rolled microstructure to the greatest possible extent. Specimens for analysis were cut from the mid-width regions of the as-rolled strips so as to avoid possible edge effects from the rolling process. These samples were annealed using a muffle furnace at 700°C, taking 3 min to heat up from ambient temperature; they were then held for between 1 s and 120 min prior to a water quench.
The as-rolled and annealed samples were examined using standard metallographic procedures (5 min nital etch). In order to evaluate the dislocation densities of the as-rolled samples, the hardnesses were measured using a standard Vickers hardness tester at a load of 10 kg and compared to those of unrolled samples with identical thermal histories. Three to five measurements were taken on each sample and then averaged. These hardnesses were then squared and the dislocation densities of the rolled states were taken as proportional to the differences between the squared values 15) for i) solution-treated and ii) solution treated and rolled materials. For simplicity, all dislocation densities were normalized by the highest value.
Results

Shear Band Content of Warm Rolled Steels
The deformed microstructures were composed of ferrite grains elongated along the rolling direction, some of which contained in-grain shear bands. Examples of these warm rolled microstructures are presented in Fig. 1 at low magnification. It can be seen that the percentage of grains containing shear bands is higher in the LC(Cr, B) steel and that the intensity of these shear bands is also higher. The reasons for these differences will be discussed in more detail below.
By treating the banded regions as a second phase, a point counting technique could be employed to determine the percentage of material containing in-grain shear bands. Five areas at the mid-section of each strip were examined. The dependence of fraction of banded material on rolling temperature is summarized in Fig. 2 . At the higher rolling temperatures of 780 and 850°C, static recrystallization of the deformed ferrite frequently occurred prior to quenching, leading to a final microstructure of strain-free ferrite without any trace of shear bands. A further complication was that, at these temperatures, the starting material was often within the two-phase region, so that deformed austenite transformed to ferrite during rolling. Only completely unrecrystallized samples were therefore considered during the point counting measurements. It can be seen from Fig. 2 that the population of shear bands in all three IF steels decreased slightly as the rolling temperature was increased. In the case of the ELC steel, the shear band content displayed a strong dependence on rolling temperature. As the rolling temperature decreased from 710 to 640°C, the fraction of grains containing shear bands increased only slightly. However, the shear band fraction increased sharply in the sample rolled at 440°C.
At rolling temperatures above 440°C, the shear band content within the as-rolled LC-chromium steels was generally higher than in the ELC steel. These materials displayed broadly similar trends in terms of the variation in fractional shear band content with temperature; i.e. the fraction increased slightly as the rolling temperature was decreased from 710 to 640°C, then it increased sharply at 440°C. The LC(Cr, P) steel displayed a somewhat stronger dependence on rolling temperature, with few shear bands produced at a rolling temperature of 710°C.
Shear Band Morphology
The morphologies of the various shear bands were carefully examined at a magnification of ϫ1 000 using optical microscopy. For the 0.06 % Ti IF steel, the shear band morphology was not significantly affected by rolling temperature. Generally, moderately intense shear bands were formed and typical examples are presented in Fig. 3 . It is readily apparent that the grain boundaries are displaced due to localized flow along the bands.
The dependence of shear band morphology on rolling temperature for the 0.04 % Nb IF steel is shown in Fig. 4 . The shear band intensity can be seen to increase slightly with decreasing rolling temperature. Intense, intersecting shear bands were produced at a rolling temperature of 440°C, as shown in Fig. 4(d) . By contrast, the shear bands in the 0.01 % Nb IF material rolled at temperatures at or above 640°C were less well formed, see Fig. 5(a) . Nevertheless, when this material was rolled at 440°C, intense shear bands were again observed, see Fig. 5(b) .
The variation in shear band morphology with rolling temperature in the ELC steel was more striking than in the IF steels. At rolling temperatures of 710 and 640°C, low densities of shear bands were produced, Fig. 6(a) . However, at 440°C, intense bands were formed, Fig. 6(b) .
In the LC(Cr) steel, rolling operations at or above 640°C produced nearly constant shear band intensities. These bands were less intense than those formed in the IF steels, but were more densely populated within the grains that were susceptible to banding, see Figs. 7(a) and 7(b) . By contrast, there was a significant increase in shear band intensity when rolling was conducted at 440°C, as shown in Fig. 7(c) . In the LC(Cr, B) steel, the addition of boron did not significantly affect the shear band population or morphology, see Fig. 8 . Also, the addition of nitrogen stabilized by titanium (which is representative of commercial alloys) was not found to affect shear band formation, see Fig. 9 .
In contrast to the effect of boron, phosphorus addition had a marked effect on shear band development. The intensity and morphology of the shear bands in the LC(Cr, P) steel were found to depend significantly on rolling tempera- ture, as shown in Fig. 10 . Rolling at 710 and 640°C produced less intense shear bands than in the other LC-chromium steels ( Fig. 10(a) ). However, rolling at 440°C created intense shear bands; these were similar to those obtained in the other LC-chromium steels ( Fig. 10(b) ).
Dislocation Density
The normalized dislocation densities of the as-rolled steels were estimated from the hardness differences between the as-rolled and strain-free samples; these are summarized in Fig. 11 . It can be seen that the dislocation density increased with decreasing rolling temperature for all materials. The dislocation density of the ELC steel decreased rapidly with increasing rolling temperature ( Fig. 11(a) ). However, the dislocation densities of the IF steels were substantially less sensitive to rolling temperature. All the LCchromium steels displayed trends similar to that of the ELC material ( Fig. 11(b) ); furthermore, chromium addition appears to increase the overall dislocation density, i.e. it leads to a hardness increase. It should also be noted that at a rolling temperature of 710°C, the dislocation density of the LC(Cr, P) steel was lower than that of the other LC-chromium materials. At this temperature, the high level of solute phosphorus leads to slightly higher positive rate sensitivities, perhaps because of its high dislocation binding energy. The high rate sensitivities are in turn responsible for the presence of fewer shear bands and lower dislocation densities in the deformed grains.
Static Recrystallization
The nucleation of static recrystallization was studied in the as-rolled and partially annealed samples. Nuclei were observed to form both within the grains as well as in the vicinity of shear bands, regardless of their morphology or intensity.
The 0.06 % Ti IF steel rolled at 780°C recrystallized at such a rapid rate that some static recrystallization occurred immediately after rolling and prior to water quenching. Nucleation at the remaining shear bands can be clearly seen in Fig. 12 . The niobium-stabilized IF steels recrystallized at slower rates. Note that for the sample rolled at 440°C (corresponding to a higher dislocation density), the incubation time prior to nucleation was shorter than in the sample rolled at 640°C (lower dislocation density). The measured recrystallization kinetics for the 0.01 % Nb and 0.04 % Nb IF steels are shown in Fig. 13 . Similar trends were observed in the other steels.
Recrystallized grains were also preferentially nucleated at the (low intensity) shear bands in the LC-chromium steels; the early stages of recrystallization in the LC(Cr, B, N, Ti) steel rolled at 640°C are illustrated in Fig.  14 . The nucleation and growth of recrystallization nuclei were relatively quick in the shear band regions and the work hardened volumes were rapidly consumed by the newly-nucleated grains. The remaining (i.e. low dislocation density) areas of the deformed material recrystallized very slowly.
The intense shear bands formed in the LC-chromium steels rolled at 440°C promoted the rapid nucleation and growth of recrystallized grains, as shown in Fig. 15 . Compared to the materials rolled at higher temperatures, large portions of these samples were completely recrystallized shortly after the commencement of annealing. Similar trends were observed for the ELC and other LC-chromium steels rolled at 440°C. 
Discussion
Deformation Microstructure
Warm rolling resulted in a wide variety of shear band structures within the deformed microstructure. Moderately intense shear bands were always formed in the titanium and niobium stabilized IF steels, regardless of rolling temperature. For the ELC and LC-chromium steels, shear bands of low intensity were produced at intermediate rolling temperatures of 640 and 710°C. After rolling at 780°C, shear bands were still observed in the LC-chromium steels, but the ELC material had recrystallized prior to quenching and so had lost its shear bands. Intense shear bands were always produced in the ELC and all LC-chromium steels at a rolling temperature of 440°C. This dependence of shear banding behavior on rolling temperature can be linked directly to the different DSA behaviors of these materials, as has been discussed extensively by Barnett and Jonas. 1, 10) They showed that DSA alters the rate sensitivity of the material, which in turn affects the ease with which rapid flow localization, i.e. shear banding, can occur. The DSA characteristics of the steels in this investigation have been previously studied 16) and a summary of the dependence of their rate sensitivities on deformation temperature is given in Fig. 16 . It should be noted that the true rate sensitivity varies with strain rate; therefore these calculated values are only strictly accurate over the strain rate range used during laboratory testing (an average of 10 Ϫ2 s
Ϫ1
). Nevertheless, the rate sensitivities at the strain rate of the pilot mill used in this work (30 s Ϫ1 ) can still be predicted using an extrapolation based on the activation energy for the diffusion of solute nitrogen (the main interstitial involved in DSA) within a ferrite matrix. 11) For example, the rate sensitivity during rolling (strain rate 30 s Ϫ1 ) at 710°C is equivalent to that measured in the lab (strain rate 10 at 400°C. Note also that all these rate sensitivities were defined in terms of the flow stress at a strain of 0.10. This is because DSA is a work hardening phenomenon and so the rate sensitivity of the yield stress is not a measure of interest. Similar remarks apply to the "instantaneous" rate sensitivity.
It can be seen from Fig. 16 that the rate sensitivity of the 0.06 % Ti IF steel is closest to that of an ideal material with no DSA characteristics. Slight departures from this ideal were observed in the 0.04 % Nb IF and 0.01 % Nb IF steels. These small positive rate sensitivities favor moderate shear band formation. The ELC steel displayed the largest departures from the ideal rate sensitivity due to its relatively high levels of solute carbon and nitrogen. Additions of chromium significantly decreased the rate sensitivity between (laboratory) temperatures of 350 and 500°C (equivalent to rolling temperatures of 600-800°C). This accounts for the significant increase in shear band formation within the LCchromium steels compared to the ELC steel at higher rolling temperatures. Note that the rate sensitivities of the four LC-chromium steels were similar as additions of boron and phosphorus had only a slight effect. The higher nitrogen content of the LC(Cr, B, N, Ti) steel was stabilized by the titanium addition (to simulate the behavior of a typical production alloy). At laboratory test temperatures between 100 and 300°C, negative rate sensitivities were observed in the ELC and all LC-chromium steels. Rolling at 440°C is predicted to lie in this negative rate sensitivity range, thus explaining why widespread, intense shear banding occurred in these samples.
Recrystallization
The orientation dependence of dislocation density leads to deformed grains with various driving forces for recrystallization. The Taylor factors, such as those calculated by Urabe and Jonas, 2, 3) represent the stored energy of deformation for various crystal orientations and cold-rolled grains containing shear bands have been identified as lying in high Taylor factor orientations. 6, 8, 17, 18) Similar observations have been made for warm rolled steels, where the most prevalent high Taylor factor orientations are those of the ND fibre, which tend to contain significant amounts of banding. 5) According to Hutchinson, 4) the nucleation rate of recrystallization can be plotted against annealing time on the basis of stored energy considerations for the principal orientations; the nucleation rate of the {111} orientation is much faster than that of the {001} orientation. Similar trends are expected to apply to warm rolled materials. In the present work, analysis of the annealed samples revealed that recrystallization was nucleated preferentially in grains containing shear bands, confirming that these possessed higher dislocation densities compared to the bulk material. Moderately intense shear bands are known to nucleate recrystallized grains oriented along the ND fibre 6) and hence result in an annealed product with good formability.
An estimate of dislocation density (based on hardness measurements) was made for the warm rolled steels (Fig.  11) . These densities correlated well with shear band fractions in the as-rolled materials. This is interpreted here as arising because the grains containing shear bands are normally of ND orientation and hence possess high dislocation density. 2, 3) The dependence of dislocation density on rolling temperature can also be explained in terms of the DSA behaviors of the various materials (Fig. 16 ). In the ELC steel, the low dislocation densities at temperatures above 640°C, which are beyond the DSA range, are due to the absence of the C and N strengthening effect. At 440°C, where DSA is expected to occur during rolling, the highest dislocation densities were always detected in all steels. This is because the interaction of C (and N) with mobile dislocations leads to the generation of extra dislocations and consequently to a greater dislocation density after deformation.
Conclusions
(1) The intensity and morphology of shear bands vary greatly between warm rolled steels. Moderately intense shear bands generally form in IF steels and their morphologies scarcely change with rolling temperature. This is because of the low levels of solute C and N. Highly intense shear bands are formed at a rolling temperature of 440°C in steels containing solute C and N, such as the present ELC and LC-chromium materials. At higher rolling temperatures, few shear bands form in the ELC and somewhat more in the LC-chromium steels.
(2) Shear band formation is not significantly affected by alloying with boron, but is inhibited at higher rolling temperatures by the addition of phosphorus.
(3) The observed deformation microstructures are consistent with the DSA characteristics of each steel. Moderate shear band formation corresponds to small positive rate sensitivity and the presence of intense shear bands to negative rate sensitivities. The reduction in positive rate sensitivity brought about by alloying with chromium results in increased shear band formation at higher rolling temperatures (compared to a steel without chromium).
(4) The average dislocation density (based upon hardness measurements) is higher when the shear band content is high in warm rolled materials. Recrystallization nuclei form preferentially within grains containing shear bands, probably because of the higher stored energies of these grains.
